This study examined the progression of left ventricular dysfunction and myocardial fibrosis in patients with Duchenne muscular dystrophy (DMD) or Becker muscular dystrophy (BMD) to evaluate the effects of angiotensin-converting enzyme inhibitor (ACEI). Ninety-eight cardiovascular magnetic resonance (CMR) studies in 34 consecutive patients with DMD (n = 21) or BMD (n = 13) were retrospectively reviewed. Left ventricular ejection fraction (LVEF) and the extent of myocardial late gadolinium enhancement (LGE) were semiautomatically quantified. During the study period, five patients had already been treated with ACEI at the first CMR; five were started on ACEI at LVEF ≥ 55% and 10 at LVEF < 55%. All patients had hyperenhanced myocardium on LGE images at the first CMR (median extent, 3.3%; interquartile range 0.1-14.3%). A mixed-effects model for longitudinal data of each patient, adjusted for age, type of muscular dystrophy, steroid use, and ACEI use showed that higher age (β = − 1.1%/year; 95% confidence interval [CI], − 1.8% to − 0.4%; p = 0.005) and no use of ACEI (β = − 3.1%; 95% CI, − 5.4% to − 0.8%; p = 0.009) were significantly associated with a lower LVEF. When ACEI use was stratified by time of initiation (LVEF ≥ 55% vs. < 55%), only ACEI initiation at LVEF < 55% had a beneficial effect on LVEF at each imaging examination (β = 3.7%; 95% CI, 0.9-6.4%; p = 0.010). ACEI use or the time of initiation of ACEI did not significantly affect age-related increase in LGE. ACEI attenuated the age-related decline in LVEF only in patients with DMD or BMD and reduced LVEF, suggesting that further investigation on prophylactic use of cardioprotective therapy in these patients is warranted.
Introduction
Duchenne muscular dystrophy (DMD) and Becker muscular dystrophy (BMD) are X-linked disorders caused by mutations in the dystrophin gene and characterized by progressive wasting and weakness of skeletal muscles. Although survival in patients with DMD has improved with advances in respiratory care, cardiac complications remain an important determinant of prognosis in patients with DMD [1] . BMD is a milder and more variable phenotype, which maintains the open reading frame of dystrophin; nevertheless, cardiac involvement is seen in approximately 70% of patients with BMD by the age of 40 years [2] . The most common form of cardiac involvement in patients with DMD or BMD is dilated cardiomyopathy [3, 4] , presenting as an age-related progressive decline in left ventricular ejection fraction (LVEF) accompanied by myocardial fibrosis, which is detected by late gadolinium enhancement (LGE) cardiovascular magnetic resonance (CMR) imaging [5, 6] . To delay the progression of dilated cardiomyopathy in DMD and BMD, the American Heart Association scientific statement recommends the use of an angiotensin-converting enzyme inhibitor (ACEI) or angiotensin receptor blocker in patients with reduced LVEF [7] . Furthermore, previous studies reported that the prophylactic use of ACEI in patients with DMD or BMD and normal LVEF was associated with delaying myocardial fibrosis [8] and decreasing all-cause mortality [9] . However, the prophylactic effects of ACEI on LVEF and the extent of LGE in these patients have not been fully investigated. Therefore, we examined the progression of left ventricular dysfunction and myocardial fibrosis using CMR in DMD and BMD cohorts to evaluate the longitudinal effects of ACEI on LVEF and the extent of LGE.
Materials and methods

Study population
All consecutive patients with DMD (n = 21) or BMD (n = 13) referred for clinically indicated CMR to our hospital between January 2013 and August 2017 were retrospectively included in this study. Patients with other neuromuscular disease were excluded. The study was approved by the Institutional Review Board (IRB No. 017-0207) with a waiver of written informed consent. The medical records of all patients in the study were reviewed, and DMD or BMD was ascertained by a clinical examination, dystrophin gene analysis by multiplex ligation-dependent probe amplification, the absence or reduction of dystrophin in muscle biopsy, and family history of DMD or BMD. Every clinical visit consisted of a review of medication use and blood tests, including total creatine kinase, brain natriuretic peptide (BNP), human atrial natriuretic peptide, and troponin T. According to the current recommendations [7] , ACEI treatment was started in patients with reduced LVEF basically, although the time of ACEI initiation was considered on an individual basis at discretion of their physicians.
CMR imaging protocol
CMR imaging was performed using a 1.5-T whole-body scanner (Achieva; Philips Medical Systems, Best, the Netherlands) with a 5-channel phased-array cardiac coil during repeated breath-holds if tolerated. After localization of the heart, left ventricular (LV) short-axis cine images were obtained using a retrospectively electrocardiogram-gated, balanced steady-state free precession pulse sequence with the following parameters: field of view, 380 mm; repetition time, 2.8 ms; echo time, 1.38 ms; flip angle, 60°; slice thickness, 10 mm; acquisition matrix, 192 × 164 pixels; sensitivity encoding parallel imaging factor, 2.5; and 20 phases per cardiac cycle. LGE images were obtained 10-15 min after administration of 0.1 mmol/kg of Gd-DTPA (Magnevist; Bayer, Osaka, Japan) using an inversion-recovery-prepared, 3-dimensional fast field echo pulse sequence with the following parameters: spectral presaturation with inversion recovery for fat suppression; field of view, 400 mm; repetition time, 3.4 ms; echo time, 1.04 ms; flip angle, 15°; slice thickness, 5 mm with no gap; inversion time, 250-290 ms; acquisition matrix, 224 × 96 pixels; and sensitivity encoding parallel imaging factor, 2. The optimal inversion time was selected to null the signal from normal myocardium using a Look-Locker sequence. Sedation during CMR was performed at the physician's discretion. Body weight and height were ascertained at the time of CMR examination by interviewing patients and their parents or by using medical records. Body surface area was calculated using the Dubois formula: body weight (kg) 0.425 × height (cm) 0.725 × 0.007184.
CMR image analysis
CMR image analysis was performed using commercially available software (Ziostation2; Ziosoft Inc., Tokyo, Japan). LV volumes, mass, and LVEF were measured by semiautomatically outlining endocardial and epicardial borders of the myocardium on the short-axis cine images, as previously described [10] . The LV myocardium was automatically divided into 16 segments of the American Heart Association 17-segment model, excluding the apex segment. Two observers (with 4 and 20 years of experience in cardiac imaging, respectively) independently assessed the presence of hyperenhanced myocardium in each segment on LGE images. After the initial assessment, any interobserver disagreements were resolved by consensus. The extent of hyperenhanced myocardium on LGE images was quantified as the percentage area of hyperenhanced myocardium using a 5-standard deviation threshold above the mean of remote myocardium [8, 11] (Fig. 1) . We defined substantial LGE as the extent of hyperenhancement ≥ 5% of total LV mass on the basis of previous study [12] .
Statistical analysis
Continuous variables are presented as medians with interquartile range (IQR). Categorical variables are presented as absolute numbers with percentages. Differences between groups were evaluated using the Wilcoxon rank sum test for continuous data and the Fisher exact test for categorical data. Correlations between continuous variables were examined using Spearman rank correlation coefficients (ρ).
We assessed the relationship between age-related decline in LVEF or increase in the extent of LGE, the type of muscular dystrophy, and medication use (steroid and ACEI) using a mixed-effects model with a random intercept and slope for longitudinal data of each patient [6] to maximize statistical power. To test the effectiveness of prophylactic use of ACEI, a stratified analysis by time of initiation of the ACEI (initiated at LVEF ≥ 55% vs. < 55%) was performed. β-blocker use was not adjusted in the mixed-effects model analysis [13] because a previous study reported that concomitant use of β-blocker with ACEI did not affect LVEF in patients with DMD [14] . A 2-tailed p value of < 0.05 was considered statistically significant. All statistical analyses were performed using JMP Pro 13.1.0 (SAS Institute Inc., Cary, NC).
Results
Patient characteristics
In total, 34 patients underwent at least 1 CMR study during the study period (total 98 studies), and 24 of these patients had ≥ 2 CMR studies (median follow-up duration, 3.0 years; range 0.6-4.1 years). During the follow-up period, none of the patients died or was admitted for decompensated heart failure. Baseline patient characteristics at the first and last CMR are summarized in Tables 1 and 2 , respectively. At the initial examination, the median patient age was 11.9 years (IQR 6.4-15.9 years) and 33 patients (97%) were men. Among the 21 patients with DMD, 8 (38%) were already wheelchair-bound and 8 (38%) were being treated with prednisolone (median dose 7.0 mg/day; IQR 5.0-8.3 mg/ day). Five patients with DMD (median LVEF 37.5%; IQR 22.6-58.0%) were being treated with ACEI, and three of these five patients who had an LVEF < 55% were also being treated with β-blocker. During the study period, five patients were started on ACEI at LVEF ≥ 55%; 10 at LVEF < 55%;
and none of the patients died. Among patients treated with ACEI (n = 20), 1 patient was prescribed cilazapril (1.5 mg/ day), and the other patients were prescribed enalapril, of which median dose achieved at the end of the study period was 10 mg/day (IQR 7.2-10.0 mg/day). All patients treated with β-blocker (n = 5) were prescribed bisoprolol, of which median dose achieved at the end of the study period was 2.5 mg/day (IQR 0.625-2.5 mg/day). At baseline, nine patients had elevated BNP levels (> 18.4 pg/mL) and 25 had elevated serum troponin T levels (> 0.014 ng/mL). The levels of serum total creatine kinase, troponin T, and plasma BNP in patients with DMD were significantly higher than those in patients with BMD (Table 1) .
Baseline CMR imaging results and relationship with clinical variables
Baseline CMR results were similar in patients with DMD and BMD (Table 1) ; there was no significant difference in baseline LVEF and end-diastolic and end-systolic volume indices. One patient with DMD underwent only cine CMR and did not undergo LGE imaging at the time of the first CMR study because he could not lie still in bed during the examination. All other patients were considered as LGE positive on visual assessment, which was typically the subepicardial location in the lateral wall. None of the patients aged < 10 years (n = 14) had substantial LGE, and eight patients (6 DMD and 2 BMD) aged < 10 years had LVEF < 55%.
Regarding the first CMR, the extent of LGE showed a negative correlation with LVEF (Spearman ρ = − 0.59, p < 0.001) (Fig. 2) , end-diastolic volume index (Spearman ρ = 0.56, p < 0.001), and end-systolic volume index Fig. 1 Representative late gadolinium enhancement images of a 15-year-old boy with Becker muscular dystrophy. a Hyperenhanced myocardium was seen in the inferior to lateral and septal wall. b Yellow areas denote myocardium ≥ 5 standard deviations above the mean for signal intensity in the remote myocardium (Spearman ρ = 0.62, p < 0.001). Among CMR variables and blood test data, the levels of plasma BNP were significantly correlated with LVEF (Spearman ρ = − 0.56, p < 0.001) and the extent of LGE (Spearman ρ = 0.64, p < 0.001). The levels of serum troponin T and plasma human atrial natriuretic peptide were not significantly correlated with any CMR variables. The elevated levels of plasma BNP for detecting substantial LGE, with a cutoff value of ≥ 18.4 pg/mL, yielded a sensitivity of 57%, a specificity of 95%, a positive predictive value of 89%, and a negative predictive value of 75%. The area under the curve of plasma BNP for detecting substantial LGE was 0.79.
Longitudinal relationship between age and LVEF in muscular dystrophy
A mixed-effects model including only age showed that LVEF significantly decreased by 0.7% per year (95% confidence interval [CI], 0.004-1.3%; p = 0.049) (Fig. 3) . On including the type of muscular dystrophy and a linear interaction term (age × BMD) in this model, LVEF significantly decreased by 1.1% per year (95% CI, 0.2-1.9%; p = 0.016), whereas additional variables were not significantly associated with LVEF (p = 0.78 and p = 0.20, respectively), indicating that the type of muscular dystrophy did not attenuate age-related decline in LVEF. Table 3 summarizes the results of mixed-effects models including medication use to identify predictors of LVEF in patients with DMD or BMD. In a multivariate analysis including age, the type of muscular dystrophy, and medication use (Model 1), lower age and ACEI use were significantly associated with a higher LVEF (p = 0.005 and p = 0.009, respectively). When the time of initiation of ACEI was stratified (Model 2), lower age and ACEI initiation at LVEF < 55% were significantly associated with a higher LVEF (p = 0.005 and p = 0.010, respectively), whereas ACEI introduction at LVEF ≥ 55% was not significantly associated with a higher LVEF (p = 0.24). Table 4 summarizes the results of mixed-effects models to identify predictors of the extent of LGE in patients with DMD or BMD. In a multivariate analysis including age and the type of muscular dystrophy (Model 1), a higher age was significantly associated with a larger extent of LGE (p = 0.005). ACEI use (Model 2) or the time of initiation of ACEI (Model 3) did not significantly affect agerelated increase in LGE. 
Longitudinal effect of ACEIs on LVEF in muscular dystrophy
Longitudinal relationship between age, treatment, and myocardial fibrosis in muscular dystrophy
Discussion
This study showed that ACEI initiation at LVEF < 55%, but not LVEF ≥ 55%, significantly attenuated the age-related decline in LVEF in patients with DMD or BMD. However, ACEI use did not affect the age-related increase in myocardial fibrosis detected by LGE. Importantly, ACEI treatment for DMD and BMD may be effective only in patients with reduced LVEF. ACEI are a standard therapy for DMD and BMD with systolic heart failure [7] . It was found that ACEI initiation at LVEF < 55% was significantly associated with a higher LVEF in patients with DMD or BMD, which is in line with previous reports [3, 13] . We also found that there was no significant association between ACEI initiation at LVEF ≥ 55% and progressive decline in LVEF. In 2005, Duboc et al. reported on the prophylactic effects of ACEI on LVEF in patients with DMD with LVEF > 55% (mean LVEF, 65.0% ± 5.4%) [15] . However, this earlier randomized trial did not show a significant difference in mean LVEF between patients treated with and without ACEI at 3-year follow-up (60.7% ± 7.6% vs. 64.4% ± 9.8%; p = not significant). Although they also reported that the prophylactic use of ACEI was significantly associated with a lower mortality in patients with DMD after 10-year follow-up [9] , the effects of steroid therapy, which yielded a survival benefit for patients with DMD [16] , were not considered in these results. Recently, Silva et al. reported that in their randomized clinical trial, early initiation of ACEI was associated with an attenuation of myocardial fibrosis progression in patients with DMD or BMD with LVEF ≥ 50% [8] ; however, they also reported that there was no significant difference in 2-year decline in LVEF between patients treated with and without ACEI (− 6.2% ± 6.0% vs. − 4.9% ± 6.4%, p = 0.94). Although ACEI treatment is usually well tolerated, it is well known that use of ACEI can cause chronic cough, symptomatic hypotension, and angioedema. Given the lack of conclusive evidence on the benefit of prophylactic ACEI for DMD or BMD patients with normal LVEF, we should be careful to ensure that ACEI treatment is effective in all stages of the disease. These results also suggest that annual CMR is preferable for patients with normal LVEF to detect changes in LVEF and myocardial fibrosis. ACEI use or the time of initiation of ACEI did not significantly affect age-related progressive myocardial fibrosis detected by LGE. On the basis of this finding, only a small fraction of the benefits of ACEI could be attributed to a reduction in myocardial fibrosis, suggesting that the benefits of ACEI among patients with reduced LVEF are mediated by reduction in left ventricular preload and afterload or reduction in sympathetic stimulation [17] .
The extent of LGE was moderately correlated with LVEF and LV volume. However, we found that eight patients aged < 10 years had an LVEF < 55% even without substantial LGE (≥ 5% of total LV mass). Although LGE is well established for detecting myocardial fibrosis, these findings suggest that LGE may not always detect fibrotic changes, particularly when these occur diffusely in patients with DMD or BMD. This concern has been raised about a variety of other nonischemic cardiomyopathies [18] . In this regard, previous studies suggested that circumferential strain analysis [19] or T1 and extracellular volume fraction mapping [20] using CMR may be more suited to detecting diffuse myocardial damage in patients with DMD and normal LVEF.
Cardiac biomarkers for early detection of cardiac dysfunction or myocardial damage have been used in various settings of heart failure [21] . We found that most patients with DMD or BMB had an elevated level of serum troponin T at baseline, probably reflecting latent and progressive myocardial damage, and that those with elevated levels of plasma BNP were more likely to have a substantial LGE. BNP or N-terminal pro-BNP is the most widely used biomarker for the detection and management of heart failure, which may be useful for risk stratification in pediatric outpatients [22] and in patients with DMD [23] . Our results suggest that significant elevation in plasma BNP levels may be a sign of substantial myocardial fibrosis.
Study limitations
This study has several limitations. First, it is a singlecenter retrospective study and is subject to selection bias. Although the patients were treated at the discretion of their physicians, the latter were all experienced pediatric cardiologists. Second, the small sample size did not allow for separate analysis by the type of muscular dystrophy. Although the natural course of progressive cardiac involvement might differ between DMD and BMD, cardioprotective effects of ACEI were found to be independent of the type of muscular dystrophy in multivariate analysis. Third, we did not assess the effects of combination therapy with aldosterone antagonists, which may attenuate progressive LV systolic dysfunction in patients with DMD [24] or BMD. Therefore, further studies are needed to expand upon the present findings in an effort to improve the management of muscular dystrophy patients with cardiac involvement and normal LVEF.
Conclusions
ACEI attenuated the age-related decline in LVEF only in patients with DMD or BMD and reduced LVEF. However, ACEI use did not affect the age-related increase in myocardial fibrosis in patients with DMD or BMD.
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